ABSTRACT The molecular size limitations of the digestive system, including the Þlter chamber of immature and adult Bemisia tabaci (Gennadius) B biotype (ϭB. argentifolii), were studied by tracking the movement of ßuorescent-labeled molecules and microspheres ingested by whiteßies. Soluble ßuorescent molecules and labeled dextrans, ranging from 389 to 2,000,000 Da, were observed throughout the digestive tract of immatures 10 Ð30 min after feeding was initiated. After removal of labeled molecules from the diet, ßuorochromes were cleared from digestive system of immatures within 2 h. Fluorescent-labeled 0.1-and 0.2-m microspheres were ingested by larvae and saturated the digestive system within 2 h after initiation of feeding. Large, 0.5-m spheres were not observed in the digestive tract of immatures, probably because singly or as aggregates, they were too large to enter the stylet food canal. The smallest spheres examined, 0.02 m, were not detectable in the digestive tract of immatures. Observations for whiteßy adults were identical to those for larvae, with two exceptions. In adults, soluble ßuorochromes were detectable1 h after feeding commenced, and 0.02-m spheres were observed primarily in the esophagus, Þlter chamber, anterior midgut, and hindgut, but not in the posterior portions of the midgut. We hypothesize that most of the 0.02-m spheres ingested by adult whiteßies were shunted directly to the hindgut by way of the Þlter chamber, effectively bypassing the midgut. This is, therefore, a feasible route for virions of the plant pathogenic genus Begomovirus, which are of similar size to the small microspheres and are transmitted in a circulative manner by B. tabaci.
Bemisia tabaci (GENNADIUS) B BIOTYPE (Bemisia argentifolii, Bellows and Perring) is a major pest of cotton, melon, tomato, and other crops in the southern United States and Mexico (Bellows et al. 1994 ). In addition, it is the insect vector of plant viruses (Begomovirus) throughout its worldwide range (Bird and Maramorosch 1978 , Brown 1990 , Brown and Bird 1992 , Brown 1994 , Markham et al. 1994 . Begomovirus transmission by whiteßies is persistent, and these viruses have a circulative relationship with their whiteßy vector (Cohen et al. 1983 , Harrison 1985 . Consequently, Begomovirus virions must pass into the whiteßy digestive system, cross the gut epithelia at some as yet unidentiÞed site, enter the hemolymph, and move to the salivary glands before a successful transmission event. Information regarding functional anatomy in relation to size limitations of the whiteßy digestive system and movement of 20 ϫ 30-nm diameter Begomovirus virions may help to elucidate sites of speciÞcity involved in virus acquisition, ingestion, circulation in the vector body, and ultimately, transmission of the viruses to host plants.
The anatomy of the whiteßy digestive system has been described for several species, including Trialeurodes vaporariorum (Westwood), Aleurodes brassicae (Weber 1935) , and T. abutilonea (Haldeman) (Cicero et al. 1995) , which are nonvectors of Begomovirus, and B. tabaci, the vector of begomoviruses (Chudhry and Gupta 1970; Cicero et al. 1995; Harris et al. 1996a Harris et al. , 1996b Ghanim et al. 2001) . All studies concur that the alimentary canal begins with a small-diameter esophagus that enters the Þlter chamber. The slender external esophagus enters the Þlter chamber anterior to the connecting chamber, which is an area that acts as a junction between the esophagus, Þlter chamber, caeca, midgut, and hindgut. Within the connecting chamber, the internal esophagus expands and fuses with the continuous lumen of the Þlter chamber (Cicero et al. 1995; Harris et al. 1996a Harris et al. , 1996b Ghanim et al. 2001) . The continuous lumen extends into the connecting chamber, two caeca, descending midgut, and ascending midgut. The sheath cells of the Þlter cham-ber form one side of the continuous lumen, and the opposing side is made of a layer of epithelial cells that originate from the ascending midgut (Cicero et al. 1995 , Ghanim et al. 2001 ). This basal surface of internal midgut cells interdigitate with the basal membrane of an inner layer of epithelial cells, which surround the lumen of the ileum where it is internal to the Þlter chamber. The descending midgut exits the connecting chamber and maintains a large diameter to its base where it meets the ascending midgut. The ascending midgut narrows in diameter until it enters Þlter chamber. There it meets both the continuous lumen of the Þlter chamber and the lumen of the internal ileum. The internal ileum forms a tube within the Þlter chamber that connects to the hindgut where it exits the Þlter chamber (Ghanim et al. 2001) . Thus, the hindgut is composed of the small diameter ileum, which is continuous at the anterior end with the Þlter chamber and at the posterior end the larger diameter rectal sac. The rectum connects the rectal sac to the vasiform oriÞce, through which honeydew is excreted (Cicero et al. 1995; Harris et al. 1996a Harris et al. , 1996b . Also, there are two anterior projections extending from the connecting chamber that have been structurally identiÞed as Malpighian tubules (Weber 1935 , Harris et al. 1996a or as gastric caeca (Chudhry and Gupta 1970 , Cicero et al. 1995 , Ghanim et al. 2001 . These extensions are blind-ended, have large labyrinth-like lumena and extensive musculature, which may aid in ßuid movement through the midgut (Ghanim et al. 2001) , and thus, in this report, are referred to as gastric or midgut caeca. Whiteßies have specialized malpighian-like cells within the Þlter chamber at the juncture with the internal ileum (Ghanim et al. 2001) .
The Þlter chamber is thought to function in osmoregulation by allowing excess water, ions, and soluble carbohydrates to ßow directly from the esophagus/ Þlter chamber into the posterior portion of the digestive system (hindgut). Amino acids, proteins, and lipids are retained and digested in the midgut by digestive enzymes (Snodgrass 1935 , Marshall and Cheung 1974 , Harris et al. 1996a , Salvucci et al. 1998 . Osmoregulatory mechanisms are generally postulated to involve combinations of passive osmosis/diffusion, hydrostatic pressure, and active transport by protondriven ATPases (Ramsay 1950 , Goodchild 1966 , Maddrell and OÕDonnell 1992 , Wieczorek 1992 , Pannabecker 1995 . As yet, there is no experimental evidence in support of these mechanisms in whiteßies. In other hemipterans, structural and physiological studies of the Þlter chambers and malpighian tubules strongly support passive osmosis as a major feature of Þltration. Also, active transport mechanisms occur in specialized regions of the midgut and hindgut for movement of ions, amino acids, and sugars Cheung 1973, 1974) .
It has been reported that during feeding B. tabaci can ÔtransmitÕ or deliver cells of the bacterium, Agrobacterium tumifaciens (Smith and Townsend) Conn, into plant cells, leading to the production of tumors in recipient plants (Zeidan and Czosnek 1994) . Two species of bacteria, Enterobacter cloacae (Jordan) and Cellulomonas turbata (Bergey et al.) , were found to be ingested by B. argentifolii (ϭB. tabaci B biotype) adults and passed into the honeydew (Davidson et al. 2000) . However, the opening of the stylet food canal in adult B. tabaci is 0.65 m in diameter (Rosell et al. 1995) , which is theoretically just large enough to permit ingestion of these bacteria, which range from 0.5 to 1.0 m in width (Holt et al. 1994) . This observation suggests that many bacterial cells may be too large to enter the stylets and pass into the digestive system.
The objective of this study was to determine the maximum size of molecules and particles that can pass through the mouthparts and certain regions of adult and nymphal digestive tracts, with emphasis on the Þlter chamber. The Þlter chamber has been hypothesized as a key structure, and possibly a site of speciÞcity, in the Begomovirus-whiteßy vector transmission pathway. Particular interest was placed on the apparent size constraints of entry and routing through the digestive system of large particles, which mimic the size of microorganisms. In addition, the routing of particles, approximately the same size as small spherical plant viruses (20 Ð30-nm diameter) that use B. tabaci as their only mode of transmission from plant to plant, was investigated.
Materials and Methods
Insects. Adult B. tabaci B biotype were reared on cotton, Gossypium hirsutum (L.) ÔDelta Pine 90Ј, and maintained in a growth room in the Department of Plant Sciences, University of Arizona. Whiteßy colonies originated from Þeld infested cotton more than 10 years ago and since that time have been maintained under natural light conditions in a greenhouse (24 Ð 27ЊC), or in a growth room at ambient temperature under a 16-h photoperiod. Whiteßies were routinely assayed for possible ingestion of whiteßy-transmitted begomoviruses by bioassay to cotton or squash. At the same time, their ability to serve as an effective vector of begomoviruses was conÞrmed by periodic transmission of squash leaf curl geminivirus to ensure they did not lose their capacity to transmit the virus while maintained under restricted gene ßow.
Fluorescent Test Materials. All ßuorescent materials (Sigma, St Louis, MO) (Table 1 ) were presented to (Haugland 1996) . Immature Whiteflies. Eggs were collected from B. tabaci (B biotype) reared on melon or cotton plants under greenhouse conditions. Eggs were harvested from leaves, surface sterilized, and deposited on an inverted feeding apparatus as previously described (Jancovich et al. 1997) . Nymphs were fed on 5% yeast extract/30% sucrose diet on the feeding apparatus until the second or third instar was achieved. The feeding apparatus was emptied of diet, the appropriate test material (Table 1 ) dissolved in 30% sucrose was added, and chambers were covered with foil to exclude light. Controls were whiteßies fed as above on 30% sucrose only. Following feeding periods of 10 min to 24 h, Ϸ5Ð10 second or third instars were removed, placed into a drop of 10% Triton ϫ 100 to remove cuticular waxes, and transferred to 0.9% saline or distilled water on a microscope slide. Slides were immediately viewed using a Zeiss model PM-II ßuorescence microscope (Carl Zeiss, Thornwood, NY) with BG12 (330 Ð500 nm) excitation Þlters and a 47 (470 nm) barrier Þlter. The amount of time required to clear the digestive tract of each tracer was determined by allowing the nymphs to feed for 1 h, removing the ßuorescent material from the feeding apparatus, and replacing it with fresh diet containing no ßuorescent materials. After 10 min to 2 h on fresh diet, nymphs were removed from the feeding apparatus and viewed as described above. Honeydew was collected on clean sterile slides placed under the feeding chamber. At least two replicates were carried out for each experiment.
Adult Whiteflies. Adult whiteßies, collected from cotton, were fed using an artiÞcial membrane feeding system based upon the design of Costa et al. (1997) with modiÞcation described in Rosell et al. (1999) . Fifty pairs of adults were fed in chambers on 30% sucrose containing the appropriate tracer (Table 1) and 0.1% green food coloring. Control whiteßies were fed in chambers on 30% sucrose with green coloring or unlabeled 70 kDa dextrans (Sigma, St. Louis, MO) in 30% sucrose with green coloring. Feeding chambers were covered with paper towels to exclude direct light. Honeydew was collected on cover slips placed beneath feeding adults.
After ingestion periods of 1 h to 24 h on each test material, the digestive systems from 8 to 10 whiteßies with green abdomens (i.e., those having successfully fed on the green colored diet), were dissected under Pipes buffer (pH 7.3) (Hayat 1981 ) on microscope slides. Tissues were Þxed in 2.5% paraformaldehyde in Pipes buffer for 30 min, rinsed with Pipes buffer, ßooded with ßuorescent mounting medium (DAKO, Carpenteria, CA), and a cover slip was added. Tissues were immediately viewed using a Zeiss ßuorescent microscope as stated above or a three-channel BioRad Laser Scanning Confocal Microscope (LSCM; model MRC 1024, Redding, CA) using FITC (494/520 nm), tetramethylrhodamine isothiocyanate (TRITC; 544/572 nm), and Texas Red (595/615 nm) excitation/ emission ranges. Coverslips containing honeydew from each feeding chamber were attached to microscope slides using clear nail polish to avoid dilution of honeydew with mounting medium, and were viewed as stated. Each experiment was repeated at least two times. Digestive tract clearance studies were not attempted for adult whiteßies because it was not possible to replace feeding substrate in adult feeding chambers once assembled.
Fluorescent microscope images were electronically digitized to TIFF Þles using a Nikon Coolscan (Melville, NY). Laser scanning confocal images were captured as TIFF Þles. All image Þles were processed for sizing and printed using Adobe Photoshop 5.0 and Adobe Illustrator 7.0 (Adobe Systems, Inc., San Jose, CA).
Results

Immature Whiteflies.
The digestive tract of second and third instars Þlled completely with Lucifer yellow or FITC 10 min after ingestion was initiated (Figs. 1 and 2), and ßuorescent honeydew was produced by these whiteßies (Table 2 ). When Lucifer yellow or FITC was replaced with 30% sucrose after 1 h, the ßuorescence was eliminated from the digestive system within 10 min, beginning with clearance from the gastric caeca, then from the midgut, and Þnally the hindgut.
FITC-labeled dextrans, M r ϭ 4400 and 2,000,000 Da, Þlled the entire alimentary canal, including the Þlter chamber, midgut, and hindgut, within 30 min ( Fig. 3 ; Table 2 ). After whiteßies were removed from the ßuorescence source, the label was cleared from the entire digestive system within 2 h. The same results were obtained with larval whiteßies allowed access to labeled dextrans for 1 h and 24 h. Bright ßuorescence in the FITC emission range was seen in the honeydew produced by these immature whiteßies.
Mid-sized yellow-green labeled FluoSpheres (0.1 and 0.2 m) were ingested by the nymphs more slowly than Lucifer yellow, FITC, or dextrans (Table 2) . After 24-h access feeding on 0.1 or 0.2 m spheres, brightly ßuorescing spheres were observed throughout the digestive system including the Þlter chamber, midgut and hindgut. These spheres lined the midgut and appeared to adhere to the apical surfaces of the epithelia (Fig. 4) . FluoSpheres were observed in the honeydew produced by these nymphs (Fig. 5) .
The large yellow-green labeled 0.5-m spheres were never observed in the digestive system or in honeydew from immature whiteßies given any of the standard ingestion times (Table 2) , nor when the feeding duration was extended to 3 d (data not shown). Thus, it appeared that whiteßies were unable to ingest 0.5-m spheres.
The small yellow-green labeled FluoSpheres (0.02 m) were not observable after ingestion by the immature whiteßies probably because the particle size was outside the visual detection range, due in part to the depth of nymphal exoskeleton and the optical limits of the light microscope. In addition, the 0.02-m spheres were not observed using LSCM optical sectioning of these same nymphs (data not shown). Some degree of autoßuorescence in the FITC emission range was observed in the cuticular components of these whiteßies, including in their mouthparts and vasiform oriÞce (Figs. 2 and 4) , and perhaps contributed to the masking of the small ßuorescent spheres. Results are summarized in Table 2 .
In control experiments with immatures fed either 30% sucrose with or without green dye, visible ßuo-rescence was never observed in the digestive system of whiteßies examined for any feeding period. Yellowgreen autoßuorescence was visible in the cuticular components of the exoskeleton, mouthparts, and vasiform oriÞce, and in the mycetomes (Fig. 6) .
Adults. A visible green color in the whiteßy abdomen at very low magniÞcation provided evidence of uptake of material from feeding chambers by adult whiteßies. In adults that were actively feeding in the chambers, the digestive tract (caeca, Þlter chamber, midgut, and hindgut) Þlled completely with Lucifer yellow and FITC within 1 h (Table 2) . These results were also obtained with both Lucifer yellow and FITC after 24 h of feeding (Fig. 7) . Honeydew produced by actively ingesting whiteßies ßuoresced in the FITC emission range (Fig. 8) .
After 1 h access to FITC-labeled M r 4400 dextrans, actively feeding adults exhibited bright ßuorescence throughout the entire digestive system ( Fig. 9 ; Table  2 ). However, after 24 h access feeding, these dextrans were occasionally found primarily in the hindgut indicating possible concentration of the label in the hindgut just before excretion in the honeydew (Fig.  10) . After 2Ð24 h feeding, the two million M r FITClabeled dextrans Þlled the entire gut, and whiteßies fed these dextrans routinely excreted ßuorescent honeydew (data not shown).
To conÞrm that whiteßy autoßuorescence in the FITC emission range did not mask or interfere with FITC-labeled probes, we used red ßuorescent FluoSpheres having excitation and emission maxima of 580/605 nm far outside those of FITC (494/520 nm). After 24 h feeding, the smallest (0.02-m) FluoSpheres were concentrated primarily in the Þlter chamber, with smaller concentrations in the gastric caeca, descending midgut and hindgut ( Fig. 11 ; Table  2 ). However, very faint ßuorescence was observed in the rest of the midgut of these whiteßies indicating that small amounts of the 0.02 m spheres were able to enter the midgut. Whiteßies fed on mid-sized (0.1-and 0.2-m) FluoSpheres for 24 h, had observable spheres throughout the digestive system, including (7) Yellow-green ßuorescence is apparent throughout the gut from an adult given a 24-h access feed on FITC. The greatest amounts are present in the gastric caeca (CA), Þlter chamber (FC), and the hindgut (HG). MG, midgut. LM, Bar ϭ 50 m. (8) Yellow-green ßuorescence is present in honeydew collected from adults allowed a 24-h access feed on lucifer yellow. Laser scanning confocal microscopy (LSCM), Bar ϭ 50 m. (9) Digestive system dissected from adult given 1-h access feed on 4,400-Da FITC-labeled dextrans has yellow-green ßuorescence throughout the entire digestive system, and clearly delineates the lumenal areas of the CA, the FC, and descending portion (arrow) of the MG. Note autoßuorescence in eggs (E). LM, Bar ϭ 50 m. (10) Digestive system of adult fed for 24 h on 4,400-Da FITC-labeled dextrans showing the hindgut (HG) stretched and lying beneath the MG. Bright ßuorescence is observed primarily in the HG, indicating that at this time point, the labeled dextrans may be concentrated here just prior to excretion in the honeydew. Note that the FC and MG exhibit less intense ßuorescence compared with the HG and that only one caecum (CA) is visible. LSCM, Bar ϭ 50 m. (11) In the digestive system from an adult allowed access to red ßuorescent 0.02-m FluoSpheres for 24 h, the red label is concentrated in the FC, anterior portion of the descending MG, CA, and HG. The rest of the MG contains diffuse amounts of red ßuorescence. Note the yellow-green autoßuorescence in E and CU left after dissection. LSCM, Bar ϭ 200 m. (12) Midgut from an adult given a 24-h access feed on 0.2-m red FluoSpheres. Fluorescent spheres were observed throughout the entire digestive system and were dispersed within the lumen of the ascending (AMG) and descending midgut (DMG). LSCM, Bar ϭ 50 m. (13) Dissected digestive system from adult given a 24-h access feed on 0.2-m red FluoSpheres. Bright points of ßuorescence are associated with or adhered to the FC epithelia (arrowheads) and the continuous lumen (CL). Note the absence of bright ßuorescence in the lumen of the internal ileum (IIL). LSCM, Bar ϭ 50 m. (14) Dissected whiteßy abdomen from control adult given 24-h access feeding on green sucrose. The digestive system was not observable due to the lack of ßuorescent label. However autoßuorescence in the FITC range (yellow-green) was present in the E, MY, and CU. LSCM, Bar ϭ 200 m. (15) Honeydew collected from adults given 24-h access to green sucrose (control). Low background yellow-green ßuorescence appears as faint bluish-yellow ßuorescence. LSCM, Bar ϭ 50 m.
Þlter chamber, caeca, midgut (Fig. 12) and hindgut, and the spheres were found in the honeydew. The 0.2-m spheres were also observed lining the continuous lumen of the Þlter chamber but did not appear to move from the continuous lumen into the internal ileum lumen (Fig. 13) . Large spheres (0.5-m) were never observed in the digestive system or in honeydew from adults, despite a 24-h access period (data not shown). Results are summarized in Table 2 .
No visible ßuorescence was observed in the digestive tracts of control whiteßies that ingested greendyed 30% sucrose or clear 30% sucrose containing no ßuorescent materials. However, bright autoßuores-cence in the FITC emission range and weak autoßuo-rescence in the TRITC emission range was observed in the mycetomes, developing eggs, and cuticle (Fig.  14) . Very faint autoßuorescence in the FITC emission range was seen in the honeydew from control whiteßies fed green-dyed 30% sucrose (Fig. 15 , compare with Fig. 8 ). Digestive systems of control whiteßies given a 24-h access feed on green-dyed 30% sucrose containing unlabeled, 70-kDa dextrans exhibited no ßuorescence (data not shown).
Discussion
Our data show that speciÞc size limitations inßu-ence the movement of particles through the whiteßy digestive tract. Small spheres (0.02 m) are ingested and concentrated in the Þlter chamber, with smaller amounts in the gastric caeca, descending midgut, and hindgut. Begomovirus virions are 0.018 Ð 0.030 m (18 ϫ 30 nm) in diameter (Goodman 1981) , comparable in size to these small spheres. Thus, it appears that particles the size of begomoviruses move selectively from the Þlter chamber to the hindgut and bypass the majority of midgut where digestion occurs. Therefore, based on size alone, virions may enter only the most anterior portions of the midgut near the Þlter chamber or may be shunted directly to the hindgut from the Þlter chamber, effectively bypassing nucleases and proteases probably compartmentalized in the midgut. These results are in agreement with the observations of Hunter et al. (1998) , who localized begomoviruses to the anterior midgut and Þlter chamber of adult B. tabaci. Virions have been detected by polymerase chain reaction in hemolymph, saliva, and honeydew of the whiteßy vector (Rosell et al. 1999) . Further, Ghanim et al. (2001) have recently described the structure of the B. tabaci digestive tract in detail, suggesting that the Þlter chamber, descending midgut, or internal ileum are the most likely locations for passage of virions into the hemolymph. In aphids, movement of virions through the digestive system and passage from the hindgut to the hemolymph and ultimately to the salivary glands has been observed (Gildow 1987) .
We found no evidence of selective or direct shunting of macromolecules ranging from 389 d to 2,000,000 Da in mass, or for movement of mid-sized particles (0.1 or 0.2 m) directly from the Þlter chamber into the hindgut. The 0.1-and 0.2-m spheres appear be too large to be directly shunted from the Þlter chamber to the hindgut. Large-diameter spheres (0.5 m) were excluded from the digestive system, probably as a result of aggregation and the size limitation of the stylet food canal.
Immature and adult whiteßies were capable of rapid uptake of soluble ßuorescent molecules. Visible ßuo-rescence was observed in the digestive tract within 10 min to 1 h after feeding was initiated. Lucifer yellow, FITC, and FITC-labeled dextrans were evacuated from the entire digestive system within 1Ð2 h after nymphal whiteßies were removed from ßuorescent sources, resulting in production of brightly ßuorescent honeydew (Table 2 ). Walker and Perring (1994) demonstrated that adult whiteßies (B. tabaci B biotype) take an average of 16 min to reach the phloem tissue of lima bean and begin ingestion. The rate of ingestion by whiteßies is much faster than aphids, which take Ϸ25 min to 1 h to begin to ingest phloem during stylet penetration (Auclair 1963) . Our results corroborate the rapid feeding rate in whiteßies, however, we did not try to quantify the amount of ingested material or the amount of honeydew produced by whiteßies.
Mid-range (0.1-and 0.2-m) ßuorescent-labeled spheres were ingested more slowly by immature and adult whiteßies than smaller M r soluble materials (Lucifer yellow, FITC, and labeled dextrans), requiring up to 24 h feeding. Adherence of the spheres to the digestive tract epithelial surfaces, possibly as a result of nonspeciÞc (ionic) bonding between negatively charged spheres and positive apical membrane proteins, may have slowed the movement of the midrange spheres. These spheres were observed throughout the entire digestive system and excreted in the honeydew of adults and immatures, indicating that the spheres pass through the entire digestive system. The mid-sized spheres appeared to be excluded from direct passage from the Þlter chamber to the internal ileum. This conclusion was based on presence of the spheres in the continuous lumen of the Þlter chamber, absence in the internal ileum lumen, and adherence to the apical surfaces of midgut epithelial cells.
The largest spheres (0.5 m) were never observed in any component of the digestive system or in the honeydew of adults or nymphs, even after extended feeding times. Therefore, they appeared to be too large to enter the food canal of the stylets or caused a blockage of the stylets, which prevented further ingestion of the liquid medium. These spheres are approximately the size of many species of bacteria. However, A. tumifaciens, which reportedly are ingested in large numbers by adult B. tabaci (Zeidan and Czosnek 1994) , range from 0.6 to 1.0 m in width, and would appear to be very close to the maximum size to enter the whiteßy digestive system. Zeidan and Czosnek (1994) used multiple techniques to conÞrm the ingestion of A. tumifaciens by B. tabaci, including transmission to susceptible plant hosts. This bacterium may be sufÞciently pleomorphic or ßexible to pass the mouthparts of the insect. Two other species of bacteria, Enterobacter cloacae and Cellulomonas sp., also found to be ingested by adult B. tabaci (B biotype), entered the digestive system and passed into the honeydew (Davidson et al. 2000) . The bacteria that entered the whiteßy gut were pleomorphic in shape, some of which were probably Ͻ0.5 m in diameter. These bacterial cells did not appear to cross the digestive system epithelial lining into the hemocoel (Davidson et al. 2000) . Larger nonpleomorphic bacteria (e.g., Bacillus spp.) did not appear to enter the whiteßy gut.
In conclusion, we found that different sized spheres/molecules are effectively shunted to different portions of the digestive system. This is probably because of osmoregulation and varied nutritional requirements. Our study showed that small spheres, the approximate size of begomovirus particles, appeared largely to be concentrated in the Þlter chamber/anterior midgut (descending midgut) and shunted directly into the internal ileum of the hindgut. As previously stated, the homopteran Þlter chamber functions in osmoregulation to shunt excess water and sugar from the anterior digestive system directly to the hindgut (Snodgrass 1935 , Marshall and Cheung 1974 , Harris et al. 1996a , Salvucci et al. 1998 ). Thus, our Þndings support the hypothesis that begomoviruses use this pathway and are transported directly to the anterior hindgut from the Þlter chamber and therefore bypass possible digestion or degradation in the midgut. Our results suggest that this shunting is a result of the small size of the virion rather than any speciÞc biological properties of the virion itself, however further research on digestive system physiology is needed.
